Iron oxide nanoparticles were synthesized by precipitation method and supported on activated carbon. The catalyst thus obtained was characterized by various physicochemical techniques, and used for the liquid phase dehydrogenation/oxidation of octanol in a batch reactor at various temperatures in the range 30˚C -60˚C. Maximum conversion of octanol to octanal was attained at 60˚C in 30 min. However, with longer reaction time, the selectivity of the catalyst was found to change in favor of octene as a product. The catalyst could be recovered and reused multiple times without any decline in its catalytic performance.
Introduction
The oxidation of alcohol is an important reaction which is used on industrial scale for the manufacture of chemicals [1] [2] . There are hundreds of different reagents and methods available for the oxidation of alcohols. Even though these methods exist and are very applicable for a laboratory scale use, most of them share common disadvantages from an industrial point of view. Currently, mostly alcohol oxidation is performed with stoichiometric amounts of oxidants such as peroxides or high oxidation state metal oxides. These oxidants are not only ex-pensive but the processes wherein these oxidants are used generate organic and heavy metal wastes [3] . Consequently, alternative oxidants are required which are eco-friendly.
An ideal oxidant for any large-scale oxidation reaction should be easily accessible, cheap and non-toxic. The best oxidant to fit this description is molecular oxygen [4] . Currently, molecular oxygen is in use in several large-scale alcohol oxidation reactions which employ inorganic heterogeneous catalysts [5] - [13] . Typically these reactions are carried out at high temperatures and pressures, often in the gas phase. Unfortunately, these heterogeneous oxidation methods are not suitable for reactions required by fine chemical industry, where selectivity and mild reaction conditions are desired in the production of high value products.
If the stoichiometric oxidants are to be replaced by molecular oxygen, catalysts which are capable of activating molecular oxygen under mild reaction conditions and in solution phase are required. Noble metals can activate alcohols and molecular oxygen nearly at ambient conditions and produce the corresponding carbonyl compounds or carboxylic acids in high yields. The most commonly used catalysts consist of Pt or Pd as active components and Bi or Pb as promoters, on carbon and alumina supports. Ru and Rh are usually applied without promoters [14] [15] . Besides Bi and Pb, a variety of other promoter metals have been suggested, including Cd, Co, Cu, Se, Ce, Te, Sn, Au, and Ru [16] - [22] . However the formation of esters instead of respective carboxylic acids, in the oxidation of primary aliphatic alcohols is a major drawback of these catalysts. Here we report our study on the performance of iron oxide nanoparticles supported on activated carbon in the aerobic oxidation of octanol to octanal.
Experimental

General
All the chemicals and reagents were of high purity grade (supplied by Scharlau, Spain) and used without any further purification. Nitrogen, oxygen and air were supplied by BOC Pakistan and further purified by specific filters (C.R.S.Inc.202268 & C.R.S.Inc.202223).
Activated Carbon
The crushed peanut shells were soaked in 50 weight % H 3 PO 4 solution overnight at room temperature. The soaked sample was then loaded into a quartz tube and heated to 450˚C at a heating rate of 0.5˚C/min in tube furnace under nitrogen flow (40 mL/min) and then maintained at 450˚C for 60 min. The sample after cooling was washed in modified Soxhlet's apparatus, and then dried. Finally, the sample was sieved through US standard sieve (80 and 100 Mesh).
Iron Oxide Nanoparticles Supported on Activated Carbon
0.5 M solution of ammonium hydroxide and 0.1 M solution of iron nitrate (cyclohexane/iron nitrate 100:0.25) were mixed in a 250 mL flask. Ammoniumhydroxide solution was added drop wise to iron nitrate solution while the resulting mixture was stirred vigorously. The mixture was then kept for 5 -9 hours to allow for aging. Upon aging, the solution turned black indicating that iron oxide nanoparticles were formed. In the next step, 4.0 g of activated carbon was stirred with the solution of iron oxide nanoparticles in order to obtain 10 wt% iron oxide nanoparticles on activated carbon. The solution was filtered and the filter cake was dried at 70˚C overnight in an oven. Then it was calcined in muffle furnace by heating to 280˚C at a heating rate of 0.5˚C/min and then maintaining at the same temperature for 2 hours.
Catalytic Activity of the Catalyst
Catalytic activity of the catalyst was tested by carrying out the reaction in a three-necked batch reactor. 0.5 M aqueous solution of octanol (10 mL) and 100 mg catalyst was loaded into a reactor and sonicated at 60˚C in the presence of dry oxygen for 30 -60 min. The reaction mixture was then analyzed by UV spectrophotometer (UV-1800, Shimadzu, Japan) by standard addition method, and GC (Clarus 580, PerkinElmer, USA) equipped with FID.
Characterization of Catalyst
Iron oxide nanoparticles supported on activated carbon were characterized by SEM (JSM 5910, JEOL, Japan), XRD (X-ray diffractometer Rigaku D/Max-II, Cu tube, Japan), FTIR (Prestige 21 Shimadzu Japan in the range 500 -4000 cm −1 ), and surface area and pore size analyzer (Quantachrome Nova 2200e, USA).
Results and Discussion
Catalyst Characterization
Iron oxide nanoparticles (8 -15 nm) were supported on activated carbon having particle size of 149 -177 µm (U.S. Mesh). FT-IR spectra reveal that the surface functional groups of activated carbon are: O-H, N-H (3100 -3500 cm ). FT-IR of iron oxide nanoparticles supported on activated carbon shows characteristic peaks for aliphatic phosphate stretch at 1050 cm −1 and 2300 cm −1 and for hematite at 470 cm −1 and 570 cm −1 as shown in Figure 1 . SEM images show a porous surface morphology of the activated carbon and also reflect the dispersion of iron oxide nanoparticles on the surface of activated carbon, as shown in Figure 2 .
BET surface area of activated carbon is 1253.78 m 2 /g and pore volume is 0.71 cc/g while the surface area of iron oxide nanoparticles supported on activated carbon is 1235.67 m 2 /g and pore volume is 0.69 cc/g. The decrease in surface area results probably from the blockage of surface pores of activated carbon by iron oxide nano particles. XRD results of activated carbon, and iron oxide nanoparticles supported on activated carbon are shown in Figure 3 . The XRD of activated carbon shows the amorphous morphology of the activated carbon while the intense reflections in the XRD of iron oxide on activated carbon show the presence of γ-hematite nanoparticles on the surface of activated carbon. 
Catalytic Activity of Catalyst
To assess the activity of the catalyst, liquid phase dehydrogenation/oxidation of octanol to octanal was carried out in a batch reactor in the presence of the catalyst under conditions as depicted in Scheme 1.
The results obtained for the reaction carried out under various conditions are presented in Table 1 . The results show that the reaction with activated carbon as a catalyst was totally selective for the dehydration of octanol to octene with a very low % conversion. However, with Fe 2 O 3 /AC, the reaction was impressively selective for the oxidation of octanol to octanal. The discussion hereafter is only devoted to reactions catalyzed by Fe 2 O 3 /AC. Reaction conditions were optimized by varying one parameter at a time while others kept constant. The effect of the partial pressure of oxygen was studied at 60˚C and it was found that the rate of reaction raised linearly as the partial pressure of oxygen was increases, while the selectivity of the catalyst for octanal declined with an increase in the partial pressure of oxygen. Study of the effect of temperature revealed that there was an inverse relation between the reaction temperature and the selectivity of the catalyst for octanal. At constant temperature and pO 2 , it was observed that as the reaction duration was extended, selectivity of the catalyst for octanal declined. A plot of lnC o /C t VS time where (C o = initial concentration while C t = final concentration) as shown in the Figure 4 has a sharp linearity with a regression value of 0.997, which suggests that the reaction is of first order.
Mechanism
The experimental data reveals that the kinetics of dehydrogenation/oxidation of octanol to octanal over iron oxide nanoparticles supported on activated carbon follows Langmuir-Hinshelwood mechanism. Rates of dehydrogenation/oxidation of octanol at various partial pressures of oxygen were calculated and subjected to analysis through various equations to investigate whether the reaction is kinetically or diffusion controlled. A reaction is kinetically controlled when its activation energy is above 25 kJ/mol. Activation energy of 51.1 kJ/mol for the reaction in focus as calculated by using Arrhenius equation ( ln rate -lnA Ea RT = ) thus confirms that the reaction was kinetically controlled, as shown in Figure 5 .
The Langmuir-Hinshelwood equation for weak molecular adsorption is 2 rate pO k =
The experimental data when fitted into Equation (1) gave a sharp linearity, with a regression value of 0.997, as shown in Figure 6 .
The data was then analyzed through L-H kinetic equation for the dissociative adsorption as given below:
( ) ( ) The data when fitted into Equation (2) did not give a sharp trend as shown in Figure 7 ; the regression value was 0.9878. The data was also analyzed through kinetic equation for non-dissociative adsorption (L-H); 
Equation (3) was not applicable to the experimental data, i.e., the data could not be fitted into Equation (3). Hence, we were led to conclude that the reaction proceeded with L-H mechanism for weak adsorption in comparison to L-H mechanism for dissociative adsorption.
Catalyst's Life Span
The catalyst was recycled and reused several times to test its reusability and life span. After five successive runs, no decrease in the catalytic activity of the catalyst was found. The results of these trials are shown in Figure 8 . It is worth-mention that all the runs were carried out under a same set of conditions as given under Figure 8. 
Conclusion
The catalytic activity of iron oxide nanoparticles supported on activated carbon was investigated for the liquid phase oxidation of octanol to octanal under various reaction conditions. The catalyst showed maximum selectivity for octanal at lower temperature and lower partial pressure of oxygen. The optimal conditions for the desired conversion were found to be: reaction duration (60 min), partial pressure of oxygen (152 Torr), temperature (60˚C), catalyst (100 mg), and 0.5 M aqueous solution of substrate (10 mL). The kinetic studies showed that the reaction proceeded with first order kinetics, and followed Langmuir-Hinshelwood mechanism for weak molecular adsorption. To conclude, the catalyst has all the characteristics of being a truly heterogeneous one; it can be easily recovered by simple filtration and reused several times without loss of catalytic activity. 
